Introduction
Insect pheromone research involves great effort and exacting techniques, not only for isolating and identifying chemicals, but also in recognizing which chemicals are behaviorally active. Well-designed bioassays to demonstrate the behavioral activity of a compound are essential to proving that a compound is used in intraspecitic communication, i-e., that it is a pheromone component. Such assays can also be invaluable for deducing the communicative function (alarm, aggregation, sexual communication, etc.) of a chemical identified from an insect. They can, in addition, give information as to the mechanisms that are used by responding insects to move toward or away from the chemical source.
Any researcher must determine the objectives of the behavioral tests before choosing among the possible bioassay setups. There is no single "correct" assay, and a simple one may be just as useful in meeting the ob,jective as a type that is very elaborate. A good assay is one that will answer the key questions quickly and efficiently, discriminating unequivocally among a variety of chemical fractions, synthetic analogs, or types of possible response.
Behaviorally discriminating assays (1 ) need not be expensive or technologically complex. However, their design should make r e c e i v i n g t h e chemical message. These r e s p o n s e s may i n v o l v e d i r e c t r e a c t i o n s t o t h e pheromone g r a d i e n t ( Z ) , t a x e s a s opposed t o k i n e s e s ( 3 ) , o r t h e i n t e g r a t i o n o f t h e s e w i t h a r e s p o n s e t o c u e s from a n o t h e r m o d a l i t y ( 4 , 5 ) . An example of t h e l a t t e r i s f o u n d i n m o t h s f l y i n g i n r e s p o n s e t o s e x pheromone; t h e c h e m i c a l b l e n d e l i c i t s i n t e r n a l l y programmed ' z i g z a g g i n g " t u r n s , which a r e p o l a r i z e d i n t h e upwind d i r e ct i o n due t o t h e optornotor r e s p o n s e t o wind-induced d r i f t ( 5 ) .
General C o n s i d e r a t i o n s f o r Conducting Bioassays

. Type o Â Dispenser f o r Chemicals. -T e s t chemicals o r f r a ct i o n s can be d i s p e n s e d from a v a r i e t y o f m a t e r i a l s s u c h a s f i l t e r p a p e r , r u b b e r s e p t a , g l a s s r o d s , or m e t a l d i s c s . A major c o n s i d e r a t i o n i s t o e n s u r e t h a t t h e s u r f a c e e m i t s t h e compound a t a c o n s t a n t r a t e o v e r t h e c o u r s e o f t h e a s s a y . T h i s may be more d i f f i c u l t f o r v e r y v o l a t i l e , low m o l e c u l a r w e i g h t c h e m i c a l s , and s o t h e d i s p e n s e r , a s w e l l a s t h e l e n g t h o f time i t i s u s e d b e f o r e r e l o a d i n g and u s i n g a f r e s h d i sp e n s e r , m u s t b e c h o s e n p r o p e r l y . U n f o r t u n a t e l y , w i t h o u t a c t u a l l y m e a s u r i n g t h e e m i s s i o n r a t e o f c h e m i c a l from t h e s u r f a c e , o n e s u s p e c t s t h a t t h i s r a t e h a s changed only when
t h e r e i s a change i n t h e l e v e l o f r e s p o n s e over t h e c o u r s e of u s i n g t h e same t r e a t m e n t . Such v a r i a t i o n i n response due t o t h e r e l e a s e of chemical should be avoided. Tobin st a l . ( 6 ) , u s i n g a t u b e -t y p e b i o a s s a y modeled a f t e r o n e d e s i g n e d by Persoons ( 7 ) t o a s s e s s t h e a c t i v i t y of s y n t h e t i c z i p l a n e e a m e r i c a n a s e x pheromone, showed t h e importance of t h e r e l e a s e ---as u r f a c e i n i n Â l u e n c i n g " t h r e s h o l d " v a l u e s . G r e a t e r q u a n t i t i e s of pheromone needed t o be loaded o n t o f i l t e r paper compared t o g l a s s i n o r d e r t o e v o k e e q u i v a l e n t l e v e l s o f r e s p o n s e , presumably because t h e emission r a t e from paper was lower.
2 . Q u a n t i t y o f S t i m u l u s Used. -F o r a n a t u r a l e x t r a c t , t h e q u a n t i t y o f s t i m u l u s u s e d i s u s u a l l y e x p r e s s e d i n terms o f i n s e c t e q u i v a l e n t s . Usually lower d o s a g e s a r e b e s t f o r d i sc r i m i n a t i n g among t h e r e s p o n s e s t o v a r i o u s t r e a t m e n t s . For i n s t a n c e , i n a s s a y i n g n a t u r a l f r a c t i o n s o f moth s e x pheromone, i t i s b e s t f i r s t t o f i n d t h e minimum dosage from t h e complete s e t of f r a c t i o n s o r crude e x t r a c t t h a t w i l l e l i c i t t h e maximum l e v e l o f r e s p o n s e from m a l e s . Then when s e p a r a t e t r a c t i o n s a r e t e s t e d a l o n e o r i n v a r i o u s combinations a t t h i s concentrat i o n ( i n t e r m s o f f e m a l e e q u i v a l e n t s ) , t h e o b s e r v e r can be c o n f i d e n t t h a t a r e s p o n s e a s g r e a t a s t o t h e c r u d e e x t r a c t m e a n s t h a t t h e f u l l complement o f n e c e s s a r y compounds i s p r e s e n t .
I f t o o h i g h a d o s a g e had b e e n u s e d , i t would b e p o s s i b l e t h a t an incomplete s e t of compounds could e l i c i t t h e maximum response.
Even when a s s a y i n g s y n t h e t i c compounds, lower dosages may be more d i s c r i m i n a t i n g . For i n s t a n c e , Baker
&. ( 8 ) f o u n d t h a t h i g h d o s a g e s (1-100 ug) o f e i t h e r of: t h e A r g y r o t a e n i a v e l u t i n a~ s e x pheromone c o m p o n e n t s (Z)
t e t r a d e c e n y l a c e t a t e p r e s e n t e d a l o n e could e l i c i t high l e v e l s of wing f a n n i n g ; however, a t a dosage of 2 ng of ( L ) , o n l y t h e o p t i m a l [ 8 % (E) added t o (2) ] r a t i o could cause more t h a n 80% of t h e males t o f a n t h e i r wings s i m u l t a n e o u s l y .
A n o t h e r d e c i s i o n c o n c e r n i n g t h e q u a n t i t y o f s t i m u l u s i s whether t o keep t h e t o t a l q u a n t i t y o t compounds, o r t h e quant i t y o f a s i n g l e compound, c o n s t a n t a c r o s s t r e a t m e n t s . For i n s t a n c e , f o r a two-component s e x pheromone b l e n d , a n i nc r e a s e d r e s p o n s e t o t h e two components t o g e t h e r m i g h t b e e x p l a i n e d a s p u r e l y a q u a n t i t a t i v e e f f e c t -m o r e t o t a l m o l e c u l e s a r e p r e s e n t -b u t i f t h e t o t a l dosage had been h e l d than transient sensory adaptation (1 3 , 14) . Responsiveness may also vary with age, particularly in species that are not reproductively mature upon eclosion. Standardization of the level of responsiveness for behavioral assays thus necessitates a single stimulus presentation per 24-hr interval, unless it is first demonstrated that more than one presentation does not alter the threshold. For most assays it is best that insects initially are used only once to simplify interpretation of results.
A series of assay treatments should be standardized so that each will have an equal opportunity to be presented to the insects during the interval of peak responsiveness. This is especially important when a large number of treatments is to be tested; there is a danger that the internal state of the insects will have changed drastically by the time the last treatments are tested. This type of variation can be accounted for and factored out of the bioassay by using a randomized, complete-block design, but in addition, it can be avoided by designing the assay so that a complete series of treatments is tested during a period of relatively shallow fluctuations of the internal state. 4 . Re I n t h e p a s t , t h i s was j u d g e d t o b e s u i t a b l e i n t h e L e p i d o p t e r a because t h e pheromone was t h o u g h t t o c o n s i s t of a s i n g l e chemical and t h e sequence of b e h a v i o r a l response t o pheromone was t h o u g h t t o b e m e d i a t e d i n p a r t by i n c r e a s e s i n pheromone c o n c e n t r a t i o n (1 5 ) . Now we know t h a t pheromones more t y p i c a l l y a r e blends of components and t h a t i n some s p e c i e s e a r l y and l a t e b e h a v i o r s i n t h e normal sequence o f r e s p o n s e c a n b e e l i c i t e d by d i f f e r e n t c o m b i n a t i o n s o f pheromone components. The p o s s i b i l i t y t h a t a c r i t i c a l beh a v i o r i n t h e normal sequence of r e s p o n s e t o pheromone w i l l b e missed by m o n i t o r i n g only a s i n g l e r e a c t i o n , such a s p r e f l i g h t wing f a n n i n g , i s t h u s a l e g i t i m a t e concern.
A n o t h e r c o n s i d e r a t i o n i n r e c o r d i n g d a t a i s w h e t h e r t o u s e groups of i n s e c t s o r i n d i v i d u a l s . T h i s d e c i s i o n must b e made c a s e by c a s e , and a g a i n r a p i d i t y and d i s c r i m i n a t i o n among t r e a t m e n t s c a n be o p t i m i z e d by t h e c o r r e c t c h o i c e . G r o u p e f f e c t s may a l t e r t h e r e s u l t s and s o t h e e x p e r i m e n t e r must d e c i d e w h e t h e r s u c h a d a n g e r e x i s t s , and i f s o , w h e t h e r i t w i l l i n c r e a s e , d e c r e a s e , o r n o t a f f e c t d i s c r i m i n a t i o n . Again, t o o p t i m i z e t h e s p e e d w i t h which b i o a s s a y i n f o r m a t i o n i s g a t h e r e d , g r o u p s o f i n s e c t s may be b e s t , b u t t h i s d e c i s i o n always must be balanced w i t h t h e t y p e o f r e c o r d i n g method t o b e u s e d and how much d e t a i l e d i n f o r m a t i o n t h e experimenter i s w i l l i n g t o l o s e .
Examples of Bioassays
. Bioassays w i t h o u t a i r f l o w , d i s p l a c e m e n t n o t m o n i t o r e d . -
Bioassays w i t h o u t a i r f l o w a r e very u s e f u l and s i m p l e , b u t they g e n e r a l l y r e l y on d i f f u s i o n t o t r a n s p o r t t h e t e s t c h e m i c a l t o w a r d t h e r e c e i v i n g i n s e c t s . I n o n e c a t e g o r y of: w i n d l e s s b i o a s s a y , t h e i n s e c t s a r e s t a t i o n e d such t h a t they cannot make
u s e of a s p a t i a l c o n c e n t r a t i o n g r a d i e n t t o move toward o r away from t h e s o u r c e , and of c o u r s e t h e y cannot s t e e r w i t h r e s p e c t t o wind because t h e r e i s none. Hence, t h e i n s e c t cannot u s e a d i r e c t response t o chemicals i n such c a s e s . A second c l a s s o f / b i o a s s a y s w i t h o u t wind i s t h e t y p e i n w h i c h a s u f f i c i e n t c o n c e n t r a t i o n g r a d i e n t i s p r e s e n t and d i r e c t r e s p o n s e s t o t h e g r a d i e n t o f t h e t e s t c h e m i c a l c a n o c c u r .
T h e s e a s s a y s a r e o f t e n l a r g e r and more e l a b o r a t e b e c a u s e t h e r e s e a r c h e r i s i n t e r e s t e d i n t h e i n s e c t ' s displacement i n space.
An example of t h e f i r s t t y p e of w i n d l e s s b i o s s a y system is t h e o n e u s e d by Baker e t a l . (8) i n s t u d i e s of t h e s e x pheromone
of t h e r e d b a n d e d l e a f r o l l e r m o t h , A r g y r o t a e n i a v e l u t i n a n a . The
One o f t h e o b , j e c t i v e s o f t h e s t u d y was t o s e e whether @ ) -I 1 t e t r a d e c e n y l a c e t a t e showed a c t i v i t y a s a s e x pheromone component along w i t h t h e ( L )
isomer
h o l e was t h e n p l u g g e d w i t h a c o r k , and a f i l t e r p a p e r t a b c o n t a i n i n g t h e chemical blend was i n t r o d u c e d i n t o t h e box t h r o u g h a n a r r o w s l i t a t t h e time of t e s t i n g . The o p t i m a l time of b i o a s s a y had
b e e n d e t e r m i n e d by p l a c i n g a s t a n d a r d a m o u n t ( 1 0 f e m a l e e q u i v a l e n t s ) of e x t r a c t on t h e f i l t e r paper and p r e s e n t i n g i t t o a d i f f e r e n t box of 10 males every 2 h r and o b s e r v i n g them f o r 1 min t o count t h e maximum number of males s i m u l t a n e o u s l y e x h i b i t i n g wing f a n n i n g w h i l e w a l k i n g . T h i s b e h a v i o r i s p e r f o r m e d by A. v e l u t i n a n a m a l e s , j u s t p r i o r t o c o p u l a t i o n .
Baker and Carde (16) l a t e r showed f o r a n o t h e r moth s p e c i e s ,
G r a p h o l i t a m o l e s t a , t h a t p r e f l i g h t wing fanning w h i l e walking was t h e behavior most h i g h l y c o r r e l a t e d w i t h a b i l i t y t o l o c a t e t h e pheromone s o u r c e i n a l a b o r a t o r y wind t u n n e l . Although t h e s e b e h a v i o r s may n o t be c o r r e l a t e d i n o t h e r s p e c i e s ( 1 7 )
, w i n g f a n n i n g h a s b e e n a u s e f u l r e s
p o n s e f o r b i o a s s a y s o f t o r t r i c i d m o t h s . D e s p i t e i t s s i m p l i c i t y , t h i s &'say d i sc r i m i n a t e d among some b l e n d s t h a t d i f f e r e d by o n l y a few
p e r c e n t of t h e E isomer, and t h e r e s u l t s from t h e L a b o r a t o r y a g r e e d w e l l and w i t h -A. v e l u t i n a n a f i e l d t r a p p i n g experiments showing 8% (E) t o be t h e o p t i m a l blend. I n s u c h c a s e s , t h e a p p a r a t u s i t s e l f h a s b e e n designed t o permit movement along a chemical g r a d i e n t .
. B i o a s s a y s w i t h o u t a i
A good example i s t h e method o f a s s a y i n g t o r a l a r m pheromone a c t i v i t y i n a p h i d s .
Montgomery and N a u l t ( 1 8 , 19 ) allowed groups of 20-30 a p h i d s , a l l 7-9 days o l d , t o develop on p l a n t s by removing a d u l t females immediately a f t e r t h e y had d e p o s i t e d a b o u t 30 young.
A d i l u t i o n s e r i e s o f t h e s y n t h e t i c a l a r m pheromone, ( E ) -b e t a -f a r n e s e n e , was made i n methanol. A f i l t e r paper t r i a n g l e was s a t u r a t e d w i t h pheromone s o l u t i o n by c a p i ll a r y a c t i o n .
The p a p e r was h e l d 0.5 cm from t h e c e n t e r of a c l u s t e r and t h e p r o p o r t i o n r e s p o n d i n g by f a l l i n g from t h e p l a n t o r w a l k i n g away f r o m t h e p a p e r was r e c o r d e d . The g r a d i e n t was s t e e p enough f o r t h e a p h i d s t o move away from t h e s o u r c e , and a l s o t h e i n t e n s i t y of t h e response ( t h o s e f a l l i n g r a t h e r than walking) decreased a c c o r d i n g t o t h e d i s t a n c e from t h e s o u r c e .
T h i s a s s a y r e v e a l e d s h a r p d i f f e r e n c e s i n sens
i c i e n t l y s t e e p g r a d i e n t s o t h a t displacement aided by t h e g r a d i e n t c a n o c c u r .
The r e s p o n s e s o f t h e t e n t c a t e r p i l l a r (Malocasoma s
t o t h e t e s t i n s e c t s . However, a i r f l o w can be u t i l i z e d w i t h o u t d i s p l a c e m e n t , e i t h e r by r e s t r i c t i n g t h e i n s e c t s ' movements i n a l l d i r e c t i o n s o r , more i m p o r t a n t l y , by p l a c i n g t h e wind d i r e c t i o n p e r p e n d i c u l a r t o t h e o n l y p l a n e i n w h i c h t h e i n s e c t i s a l l o w e d t o move. T h i s t e c h n i q u e was u s e d by B a r t e l l and Shorey (22) i n b i o a ss a y i n g t h e s e x pheromone o f t h e l i g h t -b r o w n a p p l e m o t h , E p i p h y a s p o s t v i t t a n a , and f o r t h e pheromone's i d e n t i f i c a t i o n (2.3).
Groups o f 10 unmated m a l e moths w e r e placed i n copper wiremesh c y l i n d r i c a l c a g e s .
T
h e c a g e s t h e n w e r e p l a c e d i n d i v i d u a l l y i n t o v e r t i c a l l y s t a n d i n g g l a s s c y l i n d e r s i n t o .., which compressor-generated a i r was blown from t h e b o t t o m a t a r a t e o f 5 l i t e r s p e r minute. A l l a s s a y s were conducted a t ca. 2 h r a f t e r l i g h t s -o f f on a 1 4 : l O p h o t o p e r i o d r e g i m e w i t h t r a n s i t i o n a l dawn a n d d u s k l i g h t i n t e n s i t i e s . The s e x pheromone e x t r a c t was impregnated o n t o a b r a s s di.sc which was i n t r o d u c e d i n t o t h e a i r s t r e a m through a p o r t i n t h e i n l e t t u b e a t t h e bottom o f t h e c y l i n d e r . Pheromone and a i r mixed i n a s m a l l c h a m b e r b e f o r e e n t e r i n g t h e chamber c o n t a i n i n g t h e
moths, where movements were l i m i t e d t o a p l a n e p e r p e n d i c u l a r t o t h e a i r f l o w o r o n l y minimally up and down i n t h e chamber. The o b s e r v e r focused o n l y on one "key" response and scored t h e g r o u p o f moths f o r t h e p e r c e n t a g e of i n d i v i d u a l s moving. The o v e r a l l measure, t h e r e f o r e , was a g e n e r a l " s t i m u l a t
i o n " due t o p h e r o m o n e w i t h o u t d i s p l a c e m e n t w i t h r e s p e c t t o t h e wind d i r e c t i o n . T h i s t y p e of a s s a y h a s a l s o been u s e f u l f o r i d e nt i f y i n g s e x pheromone b l e n d s of a l a r g e number o t o t h e r moth s p e c i e s such a s H e l i o t h i s v i r e s c e n s ( 2 4 ) .
. B i o a s s a y s w i t h a i r f l o w , displacement i s monitored. -When wind i s p a r a l l e l t o t h e p l a n e of d i s p l a c e m e n t , i t can a i d b o t h t h e s p e e d o f d e l i v e r y of odor t o t h e i n s e c t s and t h e i n s e c t s ' movements along t h e w i n d l i n e toward o r away from t h e s o u r c e . The s i m p l e s t a r r a n g e m e n t a l l o w s movement along t h e w i n d l i n e , b u t r e s t r i c t s i t p e r p e n d i c u l a r t o t h i s l i n e .
A v e r y u s e f u l a s s a y u s i n g such a one-dimensional displacement was developed by Sower e t a l . (25) t o document t h e r e a c t i o n o f S i t o t r o e c e r e a l e l l a , t h e A n g o u m o i s g r a i n m o t h , t o s e x
-------pheromone.
Groups o f 8-12 m a l e s w e r e p l a c e d i n P l e x i g l a s t u b e s .
C h a r c o a l -f i l t e r e d a i r e n t e r i n g a m a n i f o l d was d i st r i b u t e d t o 15 such t u b e s and a system of s t o p p e r s and s c r e e n s a t e a c h end p r e v e n t e d t h e moths from e s c a p i n g w h i l e a l l o w i n g a i r t o move t h r o u g h .
The t u b e s were l i g h t e d from below b y d i f f u s e l i g h t o f 0 . 3 l u x . Pheromone-laden a i r was exhausted through a fume hood. The pheromone t r e a t m e n t , e i t h e r f e m a l e e x t r a c t o r a s y n t h e t i c a n a l
o g , was d e p o s i t e d from s o l u t i o n o n t o a 0.5 cm g l a s s a p p l i c a t o r which was i n s e r t e d t h r o u g h a s t o p p e r i n t o t h e a i r s t r e a m through a p o r t a t t h e upwind end o f t h e tube. The number of males t h a t had moved t o w i t h i n 4 cm o f t h e s o u r c e was c o u n t e d a f t e r 15 and 30 s e c , and from t h i s number was s u b t r a c t e d t h e number w i t h i n 4 cm o f t h e s o u r c e b e f o r e i n t r o d u c t i o n of t h e t r e a t e d rod. T h i s method o f scori n g allowed quick c o u n t s of t h e r e s p o n s e s t o be t a k e n by hand, a n d t h e c o m p a r i s o n o f m o t h p o s i t i o n s b e f o r e a n d a f t e r pheromone i n t r o d u c t i o n measured t h e a c t i v i t y o f t h e t r e a t m e n t .
An a d v a n t a g e t o m e a s u r i n g n e t movement up and down a t u b e i s t h a t e f f e c t s o f c o n c e n t r a t i o n c a n be o b s e r v e d .
Males may a c c u m u l a t e f a r t h e r down t h e t u b e when c o n c e n t r a t i o n s a r e t o o high. Daterman ( 2 6 ) , w o r k i n g w i t h t h e European p i n e s h o o t m o t h , R h y a c i o n i a b u o l i a n a , f u r t h e r i n c r e a s e d d i s c r i m i n a t i o n among t r e a t m e n t s by p i t t i n g p o s i t i v e p h o t o t a x i s a g a i n s t t h e r e s p o n s e t o pheromone. He placed t h e downwind end of t h e t u b e i n a box i l l u m i n a t e d w i t h dim l i g h t . The moths t e n d e d t o accumulate a t t h e downwind end of t h e t u b e b e f o r e t e s t i n g , and only t h e b e s t t r e a t m e n t s i n d u c e d them t o move away from t h e l i g h t t o t h e upwind end of t h e tube. However, a s noted e a rl i e r , t h e p o s s i b l e s u p p r e s s i o n of r e s p o n s i v e n e s s by l i g h t l e v e l s above moonlight must be considered i n t h i s system. The o r i e n t a t i o n t u b e b i o a s s a y was u s e d i n i d e n t i f y i n g t h e s e x p h e r o m o n e c o m p o n e n t s o f t h e o a k l e a f r o l l e r m o t h , A r c h i p s semiferanus ( 2 7 ) .
The n e x t i n c r e a s e i n d i s c r i m i n a t i o n i n moving a i r i s gained from a s s a y s i n two dimensions, u s u a l l y t o r walking i n s e c t s on a f l a t s u r f a c e . Here, t h e l a t e r a l
movements of t h e i n s e c t can t a k e i t o u t o f c o n t a c t w i t h t h e pheromone, adding t o t h e power o f t h e a s s a y . Under n a t u r a l c o n d i t i o n s , f o r i n s t a n c e , a male i n s e c t n o t o n l y h a s t o advance toward a s e x pheromone s o u r c e b u t a l s o h a s t o m a i n t a i n l a t e r a l c o n t a c t w i t h i t . Such a twodimensional b i o a s s a y i n wind h a s been u t i l i z e d i n s t u d i e s o f
b a r k b e e t l e a g g r e g a t i o n pheromone by Payne e t a l . ( 2 8 ) , who modified Wood and B u s h i n g ' s d e s i g n ( 2 9 ) .
To t e s t t h e a c t i v i t y o f s y n t h e t i c e r i p l a n e t a americana s e x pheromone a g a i n s t n a t u r a l e x t r a c t , T o b i n --e t a l . ( 6 ) u s e d a low-airspeed wind t u n n e l . Using t h i s system p l u s a v a r i e t y of o t h e r a s s a y s and t r a p p i n g e x p e r i m e n t s , t h e y concluded t h a t t h e s y n t h e t i c pheromone, p e r i p l a n o n e B, e l i c i t e d t h e c o m p l e t e range of sexual behaviors in males, from long-distance orientation to close-range courtship behaviors such as wingraising. These were the same behaviors evoked by natural extract at comparable concentrations.
With such two-dimensional assays, measuring spatial displacement becomes desirable and often necessary to gain maximal discrimination between treatments. But the types and patterns of movements used by the insect to gain this displacement can also be monitored. Usually for this, only photographic or video records will capture the movements in enough detail to allow analysis. Ot course, t h e amount of time needed t o record and analyze these recordings (usually ot individual insects) increases dramatically.
An elaborate record of walking insects' movements was obtained using the so-called servosphere apparatus. This was used by Kramer (30) to monitor the pheromone-mediated movements of Bombyx mori, and by Bell and Kramer (31) tor Periplaneta -americana. The apparatus consists of a Plexiglas sphere that is mounted so that it can be rotated in two different planes by two low-inertia servomotors (30).
The insect, placed o n top of the sphere with a disc of reflective material attached to its dorsum, is kept in the field of an infrared light beam by the corrections of the motors on the sphere. The sphere's counter-movements required to keep the running insect in the beam are recorded and later can be plotted and analyzed as a record of the insects movements.
One attractive feature of the servosphere assay is that the insect remains in the same spot relative to the odor source, and cannot enter a new stimulus situation. In a typical twodimensional arena or wind-tunnel test, the test concentration will increase to some degree as the insect approaches the source, and this may not always be desirable. In addition, the servosphere technique may allow for better testing between a choice of treatments than in the previous type of assay. This is because the insect, held at the same location between two odor streams, must continually choose between them and cannot take itself out of contact with one or the other. Thus the assay will measure a more continuous discrimination by the insect, not just an initial brief judgment after which it only moves in response to one of the stimuli. Just such a choice test was performed by Kramer, who partitioned the airstream into two halves and presented pheromone of differing concentrations in each side. He found that g. mori males could discriminate between concentrations of pheromone that differed by a ratio of only 5:3.
Wind Tunnel Design
Monitoring insect movements in three dimensions in most cases pertains only to assays in which insects are allowed to fly. In-flight bioassays in wind are performed indoors using wind tunnels, or "sustained-flight" tunnels, and they have some definite advantages over outdoor flight bioassays involving field capture of insects. First and most important, the flight tunnel is a physical model of the environment, allowing the experimental manipulation ot one variable at a time. Temperature, humidity, wind velocity, and chemical plume conditions can be reproduced day after day, and the experimenter does not encounter as severe a daily variation in results common to field tests that must be factored out by replication and experimental design. Cause-and-effect relationships from these variables can be gained more easily in a wind tunnel than in the field.
Although wind tunnels cannot duplicate the combination of wide plume dimensions and low concentration that occur in the field at great distances from a source, the use of low, as well as high, emission rates in a wind tunnel can shed light on the r e s p o n s e s t h a t o c c u r a t b o t h e n d s o f t h e a c t i v e space ( 3 2 , 33) . The prolonged ( s u s t a i n e d ) f l i g h t over a d i s t a n c e o t many t e n s o r h u n d r e d s o f m e t e r s can be mimicked i n t h e wind t u n n e l by r o t a t i n g a v i s u a l f l o o r p a t t e r n beneath t h e i n s e c t s a s t h e y f l y .
T h e i n s e c t s c o m p e n s a t e f o r t h i s h i g h e r v e l o c i t y of optomotor s t i m u l a t i o n by reducing t h e i r a i r s p e e d and hence can b e made t o f l y f o r many m i n u t e s , even h o u r s , a t zero n e t upt u n n e l ground speed w h i l e i n t h e pheromone plume.
T h i s c a n i n c r e a s e d i s c r i m i n a t i o n among t r e a t m e n t s (34, 3 5 ) . Another key advantage of wind t u n n e l s o v e r f i e l d t e s t s i s t h a t e x p e r im e n t s c a n b e p e r f o r m e d t h r o u g h o u t t h e y e a r .
F o r pheromone i d e n t i f i c a t i o n s , much p r o g r e s s c a n be made u n d e r i n c l e m e n t c o n d i t i o n s i n p r e p a r a t i o n t o r t h e t i m e when f i e l d t e s t s can u l t i m a t e l y be performed.
I t i s h e l p f u l t o c a t e g o r i z e w i n d t u n n e l s by mode of a i r movement.
The most common form o f wind t u n n e l i n pheromone r e s e a r c h i n v o l v e s h o r i z o n t a l l y moving a i r , and displacement u s i n g anemotaxis ( s t e e r i n g w i t h r e s p e c t t o wind d i r e c t i o n ) i s p o s s i b l e . But j u s t a s i t i s p o s s i b l e f o r b i o a s s a y t u b e s and chambers t o employ moving a i r t h a t does n o t p e r m i t a n e m o t a x i s by moving t h e a i r p e r p e n d i c u l a r t o t h e p l a n e i n which d i sp l a c e m e n t i s p e r m i t t e d , s o t o o c a n w i n d t u n n e l s m e a s u r e m o v e m e n t s o f f l y i n g i n s e c t s t h a t a r e n o t s t e e r e d a n e m o t a c t i c a l l y . Such a s i t u a t i o n i s f o u n d i n v e r t i c a l wind t u n n e l s , i n which a i r moves e i t h e r s t r a i g h t up o r down and t h e i n s e c t ' s h o r i z o n t a l displacement i n or o u t of pheromone has no w i n d -i n d u c e d d r i f t component.
A l s o , a i r movement can b e stopped i n a h o r i z o n t a l t u n n e l t o o b s e r v e pheromone-mediated movements l a c k i n g a n a n e m o t a c t i c component.
F i n a l l y i n a t l e a s t one t u n n e l , h o r i z o n t a l a i r f l o w h a s been s u p e r -i m p o s e d o n v e r t i c a l a i r f l o w t o c r e a t e a n e l a b o r a t e a s s a y t o r a pheromone ' s behavior a 1 e f f e c t s (36) .
Kennedy and Marsh ( 3 7 ) u s e d a wind t u n n e l f o r demonstrating t h e optomotor a n e m o t a c t i c r e s p o n s e o f f l y i n g A n a g a s t a kuhn i e l l a m a l e s .
M i l l e r a n d R o e l o f s ( 3 4 ) d e m o n s t r a t e d t h e ------u s e f u l n e s s of t h e wind t u n n e l f o r d i s c r i m i n a t i n g among s e v e r a l pheromone t r e a t m e n t s i n t h e redbanded l e a f r o l l e r moth.
T h i s t e c h n i q u e h a s b e e n u s e d s i n c e t h e n t o d i s c e r n d i f f e r e n c e s between pheromone blends f o r s e v e r a l o t h e r moths, i n c l u d i n g 5. how t o g e t t h e a i r t o move; a n d , how t o keep t h e a i r i n t h e room and t u n n e l f r e e of contamination.
Contamination must b e a v o i d e d b e c a u s e t h e i n s e c t s w a i t i n g t o be t e s t e d can slowly become h a b i t u a t e d , o r t h e y may respond p o o r l y b e c a u s e t h e a i r
i n t h e t u n n e l c a n b e c o m e t a i n t e d w i t h a n a n t a g o n i s t i c compound.
The s e c o n d d e c i s i o n i s somewhat r e l a t e d t o t h e f i r s t i n t h a t i f a i r i s p u l l e d through t h e t u n n e l r a t h e r t h a n pushed, a i r -c l e a n s i n g c a n b e a c c o m p l i s h e d by h a v i n g t h e exh a u s t f a n p u l l t h e e n t i r e volume o f t h e t u n n e l ' s a i r o u t of t h e room, and u s u a l l y , o u t of t h e b u i l d i n g . T h i s may b e t h e e a s i e s t way t o e n s u r e t h a t a l l t h e pheromone, e s p e c i a l l y trom a t u n n e l permeated w i t h a cloud of pheromone ( s e e b e l o w ) , i s exhausted from t h e room. I f an exhaust hood i s p r e s e n t i n t h e l a b o r a t o r y , u s u a l l y i t i s easy t o adapt i t t o r a i r -p u l l i n g by b u i l d i n g a box t o f i t t h e hood t o t h e end of t h e t u n n e l o r by r u n n i n g a t u b e from i t s d u c t t o hook up t o t h e end o f t h e t u n n e l .
Other than f o r pheromone p e r m e a t i o n t u n n e l s , h o w e v e r , i t i s b e t t e r t o p u s h t h e a i r r a t h e r t h a n p u l l i t , f o r t h e simple r e a s o n t h a t a c c e s s t o t h e i n s i d e of t h e t u n n e l c a n be g a i n e d t h r o u g h d o o r s , h o l e s , s l i t s , e t c . , w i t h o u t w o r r y i n g a b o u t d i s t u r b i n g t h e pheromone plume's p o s i t i o n o r s t r u c t u r e . With p u l l i n g -t y p e t u n n e l s any c r a c k , h o l e , p i n h o l e l e a k , o r espec i a l l y a n y o p e n t u n n e l d o o r c r e a t e s v i s i b l e , s e v e r e p e r t u r b a t i o n s of t h e (smoke) plume.
T h e r e f o r e , t h e s e t u n n e l s must always be o p e r a t e d completely s e a l e d along t h e i r l e n g t h , and t h i s makes them l e s s a d a p t a b l e f o r photography and f o r i nf l i g h t e x p e r i m e n t a l m a n i p u l a t i o n s of a l l t y p e s . T h i s i s t r u e e v e n d u r i n g t h e a c t o f r e l e a s i n g a n i n s e c t i n t o a p l u m e , b e c a u s e t h e t u r b u l e n c e c a u s e d by o p e n i n g a d o o r a t t h e downwi.nd end c r e a t e s u n c e r t a i n t y a s t o where t h e plume h a s moved.
I n c o n t r a s~, i n push-type t u n n e l s i t i s r e a d i l y a p p a r e n t u s i n g smoke plumes t h a t even w i t h a c c e s s d o o r s l e f t o p e n , a c t i o n s s u c h a s s t i c k i n g h a n d s , head, arms, e t c . , i n t o t h e t u n n e l do n o t d i s t u r b t h e plume, u n l e s s o f c o u r s e t h e y a r e p l a c e d d i r e c t l y upwind of t h e smoke s o u r c e . I f t h e t u n n e l i s housed i n a s m a l l room, though, walking r a p
i d l y p a s t t h e open d o o r s can push t h e plume o f f c o u r s e momentarily, and s o i t i s always w i s e t o o p e r a t e t h e t u n n e l , w i t h t h e d o o r s c l o s e d i f t h e o p e r a t o r i s e x p e c t e d t o do much moving around w h i l e t h e i ns e c t s a r e i n f l i g h t .
T h e r e a r e many ways t o g e n e r a t e wind t o push a i r down a tunn e l , b u t perhaps t h e s i m p l e s t way i s w i t h a s i m p l e , r o t a r yb l a d e f a n .
Whether t h e t u n n e l i s round o r r e c t a n g u l a r , a i r
